All terrestrial organisms are subject to evolutionary pressures associated with natural sources of ionizing radiation (IR). The legacy of human-induced IR associated with energy, weapons production, medicine, and research has changed the distribution and magnitude of these evolutionary pressures. To date, no study has systematically examined the effects of environmentally relevant doses of radiation exposure across an organismal proteome. This void in knowledge has been due, in part, to technological deficiencies that have hampered quantifiable environmentally relevant IR doses and sensitive detection of proteomic responses. Here, we describe a protocol that addresses both needs, combining quantifiable IR delivery with a reliable method to yield proteomic comparisons of control and irradiated Medaka fish. Exposures were conducted at the Savannah River Ecology Laboratory (SREL, in Aiken, SC), where fish were subsequently dissected into three tissue sets (carcasses, organs and intestines) and frozen until analysis. Tissue proteins were extracted, resolved by Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE), and each sample lane was divided into ten equal portions. Following in-gel tryptic digestion, peptides released from each gel portion were identified and quantified by Liquid Chromatography-Mass Spectrometry (LC-MS/MS) to obtain the most complete, comparative study to date of proteomic responses to environmentally relevant doses of IR. This method provides a simple approach for use in ongoing epidemiologic studies of chronic exposure to environmentally relevant levels of IR and should also serve well in physiological, developmental, and toxicological studies.
Introduction
Ionizing radiation (IR), from other than natural sources, has become an aspect of daily life over the course of the last century. While sites such as Fukushima and Chernobyl are well-known and well documented sources of exposure to radiation, there remain over 1000 locations within the United States alone that are contaminated with radiation and have yet to be sufficiently studied to fully understand the risk to human health and to the environment. Testing and manufacturing related to nuclear proliferation (for both energy and weapons) and rapid increases in the use of nuclear medicine [1] , are becoming increasingly identified as sources of radionuclide contamination. Such contamination can have long lasting effects on public health and the environment, particularly in aquatic systems.
The effects of radionuclides on organisms can vary depending on the dose and exposure time and may result in changes in morphology and functional activity, both at the cellular and system levels.
Experimental Design
The methods described for this study provide a simple approach to detect proteomic responses to irradiation across different tissues (carcasses, organs and intestines) in Medaka. The in-gel digestion protocol described is an economical, easy, and reliable protocol that could be applied to other epidemiological studies with large sets of samples. We used the in-gel digestion method to compare proteins in control samples as well as samples irradiated at a moderate level (500 mGy), since previous research has shown that exposure to this level is high enough to induce detectable changes but low enough not to immediately kill fish [9, 28, 29] . Our goal was to ascertain the optimal protocol for assessing proteomic changes to environmentally relevant levels of IR by conducting an experiment with both sham control and 0.5 Gy of exposure. This comparative dataset provides a baseline for use in future physiological, developmental, and toxicological studies at levels of resolution that have previously been unattainable. This method uses state-of-the-art techniques to allow us to obtain robust results which we describe in detail as follows: (1) How exposure to moderate levels of IR was accomplished; (2) how to prepare samples for comparative analysis, including in-gel digestion; and (3) how the data were handled to obtain basic biological information. This protocol was developed for use in exploratory analysis after exposure to stressors such as IR. The results of this initial exploratory analysis also demonstrate the need for additional strategies to obtain a more detailed understanding of the organismal response. Place each group in small plastic containers with 0.5 L of filtered water.
3.
Expose the treatment group to ionizing radiation (0.5 Gy) at the Savannah River site calibration facility using a 1300 Ci CS-137 source calibrated to a dose rate of 0.028 Gy/minute, for a total exposure of 17.9 min obtaining a total dose of 0.5 Gy. An additional sham control group (no exposure) is subjected to the same protocol to account for handling stress.
4.
After exposure fish are returned to the laboratory and kept in tanks for 24 h.
Dissection (for 10 Fish 2-3 h)
1.
Euthanize the fish at 24 h post exposure according to the requirements of Animal Care and Use at the University of Georgia, AUP #A201305-018-Y1-A0 part C: Experimental procedures: "Euthanasia of animals: Animals sacrificed for proteomic tissue research (or sick diseased fish) will be euthanatized by an overdose via immersion in anesthetic solution. A concentration of 250-500 mg/L (5-10 times the anesthetic dosage) is effective for Medaka according to AVMA 2013 guidelines [30] . Medaka will be left in the anesthetic solution for a minimum of 10 min after cessation of opercular movement. Tissues used for the radiation/proteomics study will be frozen in liquid nitrogen and stored at −80 • C until extracted for proteomics analysis. Euthanasia of animals will occur only at the Savannah River Ecology Laboratory". Note: The full AUP document can be found in the Supplementary Material File S1.
2.
Place the fish into a glass petri dish (bottom or cover) and using a dissecting microscope open the fish with a scalpel, starting from the anus and continuing to the beginning of the head. Note: All the instruments and glassware must be clean, pre-washed with 50% methanol twice and 100% methanol once in order to avoid contamination of the samples. Use of plastic should be avoided, as it may result in contamination of the tissues with phthalates, complicating the mass spectrometry analysis.
3.
Using dressing forceps, open the ventral area of the fish and take out the kidney, heart, liver, and gonads and put together in a plastic zip bag previously labeled. This will be the organs group. CRITICAL STEP The tissues have to be keep on ice until they are frozen to avoid degradation and/or expression of proteins associated with death.
4.
Separate the intestines and stomach and place in another zip bag, and finally place the carcass (muscle, brain, eyes, gills, spinal cord, fins, and scales) in a third plastic bag. Figure 1 shows a dissected Medaka highlighting the different tissue groups.
5.
Using liquid nitrogen freeze all the tissues for 30-60 s. PAUSE STEP The samples are stored at −80 • C until the next step.
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Preparing Protein-Rich Powder (7 h)
The tissues need to be delipidated and prepared for total protein analyses as described previously [31] with some modifications. Note: Starting at this point all glassware must be new, and pre-washed twice with 50% methanol and once with 100% methanol to avoid contaminants that will interfere during the mass spectrometry analysis. 1. In a mortar and pestle, add the sample and 3 mL of the homogenizing solution using glass Pasteur pipets and homogenize the tissue. 2. Transfer the homogenized sample into a 15 mL glass tube. Rinse the mortar and pestle with 3 mL of the homogenizing solution and add the rinse to the homogenized sample. 3. Allow the sample to incubate at room temperature on a vertical rocker for 3 h. 4. Centrifuge the sample for 15 min at 4 °C at 3500 rpm. CRITICAL STEP The centrifugation generates heat, and thus refrigeration is necessary to avoid degradation of proteins. 5. Decant the supernatant (glycosphingolipids) and, then, dry down the protein pellet using vacuum centrifugation for approximately 15-20 min. CRITICAL STEP Do not over dry. Over drying will result in an incomplete/difficult homogenization and can cause degradation of the 
The tissues need to be delipidated and prepared for total protein analyses as described previously [31] with some modifications. Note: Starting at this point all glassware must be new, and pre-washed twice with 50% methanol and once with 100% methanol to avoid contaminants that will interfere during the mass spectrometry analysis.
1.
In a mortar and pestle, add the sample and 3 mL of the homogenizing solution using glass Pasteur pipets and homogenize the tissue.
2.
Transfer the homogenized sample into a 15 mL glass tube. Rinse the mortar and pestle with 3 mL of the homogenizing solution and add the rinse to the homogenized sample.
3.
Allow the sample to incubate at room temperature on a vertical rocker for 3 h.
4.
Centrifuge the sample for 15 min at 4 • C at 3500 rpm. CRITICAL STEP The centrifugation generates heat, and thus refrigeration is necessary to avoid degradation of proteins.
5.
Decant the supernatant (glycosphingolipids) and, then, dry down the protein pellet using vacuum centrifugation for approximately 15-20 min. CRITICAL STEP Do not over dry. Over drying will result in an incomplete/difficult homogenization and can cause degradation of the samples. Note: If there is any interest in analyzing the glycosphingolipids, the supernatant from step 5 and 8 should be preserved in a pre-cleaned glass tube, dried under nitrogen, and kept at −20 • C for further analyses. 6.
Using Pasteur pipets, cover the sample in the bottom of the tube with homogenizing solution and incubate on the rocker for an additional 2 h at room temperature. 7.
Centrifuge sample for 15 min at 4 • C at 3500 rpm. 8.
Decant supernatant (glycosphingolipids) and, then, dry down the protein pellet using vacuum centrifugation. 9.
Add 1 mL of cold (4 • C) Milli-Q water, and mix using the vortex. Add 4 mL of cold (4 • C) acetone, mix using the vortex, and incubate on ice for 15 min. 10. Centrifuge sample for 15 min at 4 • C at 3500 rpm. Decant supernatant into waste and dry down the protein pellet. 11. Repeat steps 9-10. 12. Freeze protein powder (−80 • C) and lyophilize overnight. 13. Once dry, store protein powder at −20 • C. PAUSE STEP the protein-rich powder can be keep at −20 • C for several months (In our case we have stored samples for up to 3 years with no significant change in the analyses). Note: the glass tubes have to be well capped to avoid humidity getting into the samples.
SDS-Electrophoresis (1.5 h)
1. Weigh 3-5 mg of protein-rich powder and resuspend with Tris-HCl buffer. Insoluble material is removed by centrifugation. Note: If necessary, use a microcentrifuge tube pestle before centrifugation to get a better homogenization of the sample. Prior to use, clean the pestle with 70% ethanol.
2.
Determine the protein concentration using the Pierce BCA protein assay kit with bovine serum albumin as standard.
3.
Prepare aliquots of 100 µg of protein and dry under vacuum centrifugation.
4.
Add 15 µL of Milli-Q water to dissolve the dry sample and add the same volume of the 2× Laemmli Sample Buffer. Mix with the vortex and centrifuge. Note: The final volume cannot be more than 35 µL, this is due to the capacity of the loading wells being 40 µL. CRITICAL STEP Observe the color of the mix, if yellowish, add 2 µL 100 mM NaOH at a time and mix until it turns blue. Mix using the vortex and centrifuge again.
5.
Boil the samples for 5 min and then put the samples into a refrigerator set at 7 • C for 5 min. Note: Be sure to cap the tubes well, or the sample will evaporate. 6.
Add 10 µL of protein ladder in the first well. Add protein samples leaving an empty well between samples, this will simplify cutting out the individual gel sections for the in-gel digestion step. 7.
Run the gel at 200 volts for 30-60 min. 8.
Place the gel in a clean clear plastic container and add enough deionized water to cover it, swish back and forth 5 times. Pour out the water. Repeat the wash at least 3 times. Note: The plastic container must be dust and detergent free. It should be cleaned prior to use with 70% ethanol and allowed to dry. 9.
Pour off the last water wash and add enough Instant Blue Coomasie stain to cover the gel, leave for 30 min to 1 h with gentle shaking. Note: Be sure that the gel can move freely in the staining solution to facilitate diffusion. Usually a 100 µg of protein will stain well after 30 min.
10. Discard the stain solution and wash 2-3 times with deionized water. 11. PAUSE STEP Keep the gel in water inside a Ziploc bag until the next step to avoid the gel drying out.
3.5. In-Gel Digestion (48 h after Full Distain of Gels Pieces)
1.
Place the gel on sanitized glass. Use a razor blade to remove top and bottom of the gel. Note: prior to use, clean the glass with 50% methanol and 100% methanol, and then one time with isopropanol, then, let it dry.
2.
Carefully cut each lane sample run into 10 equally sized sections and then cut each section into smaller pieces (1 × 1 mm 2 ). Place all the gel pieces for each section into an Eppendorf tube. Note: Label the tube with sample and fraction information, i.e., control, fraction 5 can be CF5.
3.
Add 500 µL destaining solution to the gels and put on a rocker. Replace the solution 2-3 times during the day or let it rock overnight at room temperature. Repeat this until the gels are completely destained. NOTE: The time to completely destain the pieces of gel will depend on the frequency of changing the destaining solution, but 24 h is the fastest that the gel pieces can be destained.
4.
Once that the gel pieces are completely destained, remove destaining solution from each tube, using a different tip for each tube, then add 150 µL of HPLC grade water, and wait 5-10 min.
Pull off water. Note: Starting at this point the tips and tubes used should be new and not been autoclaved, due to concerns of contamination that are detectable in the mass spectrometer.
5.
Add 150 µL of 30% aqueous ACN and wait 5-10 min. Pull off the solution. Repeat. 6.
Add 150 µL of Ambic solution, wait 5 min. Add 150 µL ACN 100% and wait 5-10 min. Pull off the solution. 7.
Add 150 µL ACN, wait 5-10 min. Pull off the solution. Samples are then dried under vacuum centrifugation (50-60 min). 8.
PAUSE STEP Properly capped tubes containing dried gel pieces can be stored at room temperature until the next step. 9.
Add 150 µL of 100 mM DTT, incubate at 65 • C for 1 h. Remove the samples from bath, let cool to room temperature and pull off the solution. 10. Add 150 µL of 55 mM iodoacetamide for 1 h at room temperature in the dark. Pull off the solution. 11. Wash gel pieces with 150 µL of Ambic solution for 5-10 min. Add 150 µL ACN, wait 5-10 min.
Pull off the solution. 12. Dry the gels under vacuum centrifugation for 45-60 min.
Tryptic Digestion (20 h)

1.
Add trypsin solution 50:1 ww (protein/trypsin ratio) and, then, add enough Ambic to a final volume of 125 µL to ensure that the dry gel pieces are completely submerged. Note: For 100 µg of protein use 2 µg of trypsin (100 µL of trypsin solution). To ensure a better distribution and absorption of trypsin into the gels, we mix 100 µL of trypsin solution with 2.4 mL of Ambic to obtain a total of 2.5 mL (125 µL per sample × 20 samples = 2.5 mL). Vortex and add 125 µL of the mix.
2.
Incubate over night at 37 • C (maximum 18 h).
3.
After incubation, spin tubes, collect the supernatants and transfer each into a new prewashed tube (tube A). Change pipette tips between each tube.
4.
Add 150 µL of extraction solution to the tubes containing the gel pieces and wait 5 min. Transfer the liquid to a fresh set of tubes (tube A). Repeat these extractions two more times.
5.
Transfer all the liquid from the set of tube A's to a set of Nanosep centrifugal filter units. Centrifuge at 12,000 rpm for 15-30 min.
6.
The filtrates, containing tryptic peptides, are then dried on a speed vacuum, usually overnight. The samples can be stored at −20 • C until MS analyses.
LC-MS/MS Analysis of Tryptic Peptides (Mass Spectral Analysis) (8 h)
Suspend the dried peptide in 19 µL of buffer A and 1 µL of buffer B and, then, transfer the dilute peptides into glass crimp top vials pre-cleaned with methanol 50% and 100%.
2.
Load the sample vials into the autosampler of an Ultimate 3000 LC System (Thermo Scientific Dionex).
3.
Mass spectrometry parameters: Peptides are separated on a 15 cm C18 analytical PepMap Column (Thermo Fisher Scientific) and eluted into an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) utilizing a nanoelectrospray ionization source via a 90 min gradient of increasing buffer B at a flow rate of approximately 200 nL/min. The gradient goes from 1% to 99% of buffer B between 3-60 min and holds at 99% for 5 min, then, there is a ramp back down to 1% over 5 min and holding 1% for the last 20 min for equilibration. Full MS scans are acquired at 60K resolution and MS2 scans following collision-induced dissociation are collected in the ion trap for the most intense ions in top-speed mode within a three second cycle using Fusion instrumentation software (version 4.1, Thermo Fisher Scientific). Dynamic exclusion is utilized to exclude precursor ions from the selection process for 60 s following a second selection within a 10 s window. We perform "blank-runs" (only buffer B) in between samples injections to ensure no carryover from sample to sample.
4.
Results of the mass spectral analysis are in Raw format and are ready for the bioinformatics analysis that the user chooses. Below are summarized the bioinformatics and search options that we performed. Note: As an example, the raw data corresponding to the carcasses samples can be found in the public JPOST repository [32] under the Announced ID JPST000608.
Database Searching and Protein Identification (6 h)
1. Raw files obtained from the mass spectra analysis following each preparation/separation protocol were converted to mzXML files and then to pkl (peak list format) using Trans-Proteomic Pipeline Software (Seattle Proteome Center, Seattle, WA, USA). Each pkl file was searched for protein identification against concatenated database (normal and reverse database) containing proteins from the following species: Oryzias latipes and Dario rerio, from the Broad Institute and National Center for Biotechnology Information (NCBI) using MASCOT (Matrix Scientific, Boston, MA, USA). The reverse database is created by reversing all protein sequences from the target database using an in-house utility. Note: The concatenated fasta file can be found in the Supplementary Material File S2.
2.
Mascot settings were as follows: tryptic enzymatic cleavages allowing for up to 2 missed cleavages, peptide tolerance of 20 parts-per-million, fragment ion tolerance of 0.5 Da, fixed modification due to carboxyamidomethylation of cysteine (+57 Da), and variable modifications of oxidation of methionine (+16 Da) and deamidation of asparagine or glutamine (+0.98 Da). Note: the pkl and mascot files corresponding to all the tissue groups can be found in the public JPOST repository under the Announced ID JPST000608.
3.
Proteins were organized and filtered using a 1% protein false discovery rate applied, minimum 2 peptides, and 40 score in proteins via ProteoIQ software (Provalt_3.1.12_03-21-18, NuSep, Bogart, GA, USA) to obtain a nonredundant list of homologous protein groups [33] , by loading Mascot target and decoy search files into the software program. (See Table 1 in results sections for an example of the list of some identified protein in Carcasses). Score: Refers to either Mascot ion score, SEQUEST Xcorr, or tandem hyper score. Total protein score: Sums peptide score for all peptides matching to a protein.
Protein Functional Annotation
Use the fasta sequence of each identified protein to obtain relevant biological information using the follow websites.
1.
Gene Ontology terms are extracted from the Interpro and ProteoFun web sites (https://www.ebi. ac.uk/interpro/ and http://www.cbs.dtu.dk/services/ProtFun/).
2.
Signal peptides in the deduced amino acid sequences are examined using the SignalP Web site (http://www.cbs.dtu.dk/services/SignalP/) and the SecretomeP 2.0 Web site (http://www.cbs.dtu. dk/services/SecretomeP/).
3.
The family classification and functional category was obtained by using the pFam database (https://pfam.xfam.org/). (see Table 2 in results sections for an example of biological information of some proteins identified in carcasses).
Results and Discussion
Three tissue sets were harvested (carcasses, organs, and intestines) from control and treatment fish. Proteomic search parameters were set to require a minimum of two peptides for each protein identification, in order to minimize false positives [34] . A total of 993 proteins in the control sample and 1004 in the treated samples were identified in the present study. Figure 2 presents the distribution of the number of proteins detected, showing the common proteins in the different tissues tested, as well as those which were unique from the irradiated or control samples. In total there were 409,545 and 98 proteins in intestines, organs, and carcasses, respectively, that fulfilled the search parameters. From these, there were 106, 91, and nine proteins in intestines, organs, and carcasses, respectively, which were identified as unique to the treatment group and might represent a response to radiation. Across all proteins, 33 were uncharacterized, which implies that they have been experimentally documented but are not characterized in biochemical terms [35] . Future investigation of these proteins (unique and uncharacterized) may open a door to a better understanding of the effects of IR and possibly to the bystander effects that occur after exposure; this is an area of study which is largely unexploited.
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On the basis of the functional analysis ( Supplementary Tables S4-S6 ), a few classes of proteins merit extra discussion due to their expression (up-/down-regulated) and/or high frequency of appearance in our results. Figure 3 shows two out of the four differentially expressed families discussed below. Sixteen proteins related to the EF-hand family exhibit a tissue-family dependent response to radiation. The EF-hand seven group showed repression in carcasses (two proteins only detected in control) but overexpression in organs (two proteins), while the EF-hand six group were repressed in intestines. Some proteins belonging to the EF-hand family can contribute to multiple processes like growth, cell motility, transcription, transduction, cell survival, and apoptosis [38] , and are related with Alzheimer's disease, Downs Syndrome, and ALS [39] . Proteins belonging to the ribosomal family were detected in organs (27) and intestines (26) with varying expression; in intestine these proteins are 50% repressed and 50% overexpressed, while in organs most of the ribosomal family proteins (21) are overexpressed. Ribosomal proteins can respond in different ways to IR exposure. Changes in the expression levels of proteins from this family as a result to exposure to IR have been reported [40, 41] , sometimes resulting in IR-sensitivity [42] . In addition, we detected proteins belonging to families that participate in dehydrogenase activity, such as Ldh, Aldedh, and ADH families. Proteins belonging to families with dehydrogenase function were repressed in treated organs but overexpressed in treated intestines. Previous studies have demonstrated that exposure to low and moderate levels of IR (0.02-1.0 Gy) reduces production of pyruvate dehydrogenase [14] . Reduction in enzymes like glucose 6-phosphate dehydrogenase increase the sensitivity to oxidative stress [43] , which could increase sensitivity to IR. Our results suggest the same tendency toward repression of these families of proteins in treated organs. An increase in reactive oxygen species (ROS) in cells is a well know consequence after exposure to IR [44] . Lastly, 11 different proteins belonging to the Zona pellucida (ZP) family were overexpressed in our treated Medaka, mainly in the organs. The ZP domain is found in a variety of receptor-like eukaryotic glycoproteins that play fundamental roles in development, hearing, immunity, and cancer [45] . Our results demonstrate that our protocol identifies environmentally relevant IR-induced changes in the Medaka proteome. We detected members of several families of proteins that have been previously shown to respond to IR exposure, especially at high levels, providing us with additional confidence in our protocol's effectiveness and indicating that environmentally relevant exposures may mimic high level exposure in some regards. The detection of differentially expressed proteins after exposure to environmentally relevant levels of IR provides us with a clearer understanding of organismal responses and adaptations to radiation. Our findings indicate certain protein families that may be critical to our understanding of the biological response of Medaka to environmentally relevant doses of IR, and they are likely candidates for future research in radiation biomarkers. Finally, the protocol presented here will enable studies of whole body response to IR and uncover trending expression changes during the course of chronic exposure to IR, ultimately leading to a more comprehensive understanding of the molecular and systemic impacts of IR. Our results demonstrate that our protocol identifies environmentally relevant IR-induced changes in the Medaka proteome. We detected members of several families of proteins that have been previously shown to respond to IR exposure, especially at high levels, providing us with additional confidence in our protocol's effectiveness and indicating that environmentally relevant exposures may mimic high level exposure in some regards. The detection of differentially expressed proteins after exposure to environmentally relevant levels of IR provides us with a clearer understanding of organismal responses and adaptations to radiation. Our findings indicate certain protein families that may be critical to our understanding of the biological response of Medaka to environmentally relevant doses of IR, and they are likely candidates for future research in radiation biomarkers. Finally, the protocol presented here will enable studies of whole body response to IR and uncover trending expression changes during the course of chronic exposure to IR, ultimately leading to a more comprehensive understanding of the molecular and systemic impacts of IR. 
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